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Fiber optic sensingAbstract In-situ sol-gel procedure is used to synthesize the silica-titania nanocomposite (SiO2-
TiO2) as host matrix which is doped with ZnO and heated at 300 C for 1 h for homogeneous
and stable matrix surface. The mixture of organic dyes i.e. cresol red, bromophenol blue, phenol
red and phenolphthalein is encapsulated within ZnO:SiO2-TiO2 nanocomposite for the evaluation
of sensing activity at dynamic pH range 1–12. Microscopic findings showed that the synthesized
nanocomposites have homogeneous crack-free porous coating with low roughness value of 9.7–
7.6 nm. XRD analysis shows the formation of new phase ZnSiO3 after ZnO doping and heat treat-
ment along with anatase phase of titania and silica. TEM analysis confirmed the spherical nanopar-
ticles. The heterogeneous bonding of synthesized Zn:SiO2-TiO2 composites is investigated by FTIR.
Surface analysis confirmed that prepared nanocomposites have high surface area, large pore diam-
eters and mesoporous nature, which is desirable for good sensing behavior. Optical studies show
that low refractive index (1.33–1.39) transparent nanocomposites (92–62% transparency in the vis-
ible range) are promising for sensing applications. TGA analysis shows that SiO2-TiO2 nanocom-
posites after ZnO doping and heat treatment are thermally stable. The fast response 0.15 s of the
ZnO:SiO2-TiO2 nanocomposite coated fiber optic sensor is optimized at pH 12. The observed sen-
sitivity is of 15 counts/pH with repeatability of 93% at 440 nm.
 2018 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Riaz),
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Recently, inorganic-organic composites have received consid-
erable attention due to their exciting properties including
chemical and thermal stability of composite matrices with a
homogeneous pore distribution, particle size/shapes, trans-
parency, mechanical strength, with unique application orienta-
tions in chemical, biomedicine, optics and sensing fields [1–4].
Moreover, metal-organic nanocomposites’ synthesis by several
methods including vapor deposition, imprinted, hydrothermal
synthesis, microwave synthesis or thermal decomposition
method has been reported so far [5–12]. However, these tech-
niques lower the sensitivity for the analyte and prolong the
response time of the sensor. Sol-gel method is well known
for the synthesis of sensing materials with good chemical and
thermal stability without cracking/leaching, longer operational
lifetime, good controlling of the physical and chemical param-
eters such as time dependent morphology, crystallinity and
controlled porosity [13–15]. Generally, the contribution of
nanocomposite matrix for sensing activities is strictly depen-
dent on crack-free morphology with low roughness, high sur-
face area, low refractive index, nanoparticle size distribution
and accessibility of the active sites leads to improve the charac-
teristics and properties of sensing material, such as selectivity,
sensibility, accuracy, response time and useful life, which
broaden the scope of the sensor’s applications [13].
Silica-titania nanocomposite has good mechanical strength,
high surface coverage, high thermal stability and transparency,
good dispersibility in solvents, porosity and tunable refractive
index [2]. Therefore, porous silica-titania nanocomposite as
oxidation catalyst and for sensing applications has special
interest in academic and industrial field [16,17]. For sensing
applications, a mesoporous high surface area structure is desir-
able in combination with low roughness, chemical stability and
refractive index. Moreover, ZnO is one of the most promising
materials due to its photosensitivity, chemical stability, fast
electron transport capability and better light absorption com-
pared to TiO2 [1]. Therefore, ZnO doped silica-titania
nanocomposite (Zn: SiO2-TiO2) was selected because of their
unique properties such as low optical losses, high area meso-
porous structure and difference in refractive index, which is
required for energy and environment materials, including
chemical sensors, photocatalysts, dye sensitization and per-
ovskite solar cells [18–20]. The doping of surface active agent
mixing in the composite can reduce the surface tension of
the sol and enforced the polymerizing gel formation [2]. Con-
sequently, highly porous and low refractive index nanocom-
posites can be synthesized with better sensing performances.
Furthermore, cresol red, bromophenol blue, phenol red and
phenolphthalein were chosen due to their absorption and emis-
sion effective behavior toward the ionic strength. These dyes
are found to be best to stimulate the behavior of the sensor,
such as its suitability, permeability of the analyte and reagent
immobilization. Encapsulation of indicator dyes within the
nanocomposite matrix allows continued sensing without con-
tamination, gives good adhesion with direct coating on optic
fibers and easy for concentration measurements with species
detections by diffusion, so it is possible to coupling optics
and natural process make detectors and photonic devices. In
the present report, it is found that structural and optical
properties of prepared nanocomposite significantly dependon doping. To the authors’ best knowledge, the synthesis of
ZnO-doped SiO2-TiO2 nanocomposite matrix by sol-gel route
for pH sensor applications with broad dynamic range has been
rarely reported. This work could provide a novel avenue to the
synthesis of multi-nanocomposite with colonial structure at
low temperatures with distinguished properties, offering a
new material platform for sensing and other applications.
2. Experimental
2.1. Synthesis of the sols
Tetraethylorthosilicate (TEOS) [98% Aldrich], titanium
tetraisopropoxide (TTIP) [97% Aldrich], Zinc acetate (Zn
(CH3CO2)22H2O) [99.8% Aldrich], were used as precursors
of silica, titania and Zinc oxide, respectively. Isopropanol
(Grade GC, 99.7%) and Anhydrous ethanol [99% Aldrich]
were used as solvents and complexing agents, whereas, nitric
acid [65% Merck] was used as a gelation acid catalyst (for
enhanced hydrolysis and condensation process), determines
the type of gel microstructure. The surfactant CTAB was used
as the modifying agent. For sensing purpose, 2 ml of 0.5 M
concentration of cresol red, bromophenol blue, phenol red
and phenolphthalein indicator dyes mixture was encapsulated
in silica-titania (1:1 ratio) sol mixture.
For silica sol, 40 ml of TEOS (Tetraethylorthosilicate) was
mixed in the mixture of 25 ml of deionized water and 20 ml of
ethanol (EtOH) for hydrolysis. 1 ml of HNO3 (as catalyst) was
added in the stirred solution and heated at 70 C for 1 h. The
molar ratios were TEOS: H2O C2H5OH::HNO30.5:3.0:
2.0:0.1. The sol was aged for 1 day. The pH of the resultant
sol was acidic. For TiO2 nanoparticles, 10 ml of TTIP was
added into 20 ml of isopropanol (C3H7OH) for the partial
hydrolysis. Afterward, 20 ml of propanol was added into the
10 ml of distilled water in the presence of HNO3. Molar ratios
for TiO2 sol was TTIP:C3H7OH:H2O:HNO3 = 1.0:4.0:1.0:0.5.
The solution was stirred at 100 C for 1 h. For SiO2- TiO2
nanocomposite sol, SiO2 sol and TiO2 sol was mixed with
1:1 ratio and stirred it at 80 C for 1 h, pH of nanocomposite
was adjusted at pH 1. The mixed sol was then allowed to age
for 24 h.
ZnO nanoparticles were synthesized by dissolving 0.2 g of
zinc acetate [Zn(CH3CO2)22H2O] into a mixture of 30 mL of
isopropyl alcohol, 10 ml of de-ionized water and 1 ml of nitric
acid. Mixed solution was stirred at 70 C for 60 min and then
left it at room temperature for aging. Molar ratio for zinc sol
was Zn(CH3CO2)22H2O:C3H7OH:H2O:HNO3 = 1.0:4.0:1.0:
0.5., the pH was adjusted to <1. For doping, 10 ml of pre-
pared ZnO sol was added into 50 ml of SiO2-TiO2 nanocom-
posite sol. 1 ml of 0.5 M concentration of CTAB solution
was added under continuous stirring in the solution. For sens-
ing purpose, 1 ml of 0.5 M concentration of CTAB solution
and 2 ml of 0.5 M concentration of indicators solution (cresol
red, bromophenol blue, phenol red, and phenolphthalein) were
added drop wise into ZnO doped mixed silica-titania sol fol-
lowed by stirring and heated at 80 C for 1 h, the mixture
was left at room temperature for several days for its appropri-
ate aging cycles. All outlines of prepared sols are shown in
Fig. 1(a).
The pH sensor device was prepared by dripping the sol
(coating) on 5 cm decladed region of 35 cm long PCS (Plastic
Fig. 1 ZnO doped SiO2-TiO2 nanocomposite (a) synthesis process layout (b) schematic representation.
828 S. Islam et al.Clad Silica) optical fiber, 1012 mm core diameter with NA=
0.37 ± 0.02 and 1.45 core refractive index. Both ends of the
fiber were polished for the constancy in the coupling behavior
of the launched light into the fiber. Prior to coating, 5 cm
decladed region of fiber and glass substrates (for thin film char-
acterizations) were cleaned by HNO3 for 5 min and then rinsed
several times with de-ionized water. After acid etching, in
ultrasonic bath, the glass substrates were cleaned for 10 min
by acetone and 20 min by isopropanol in order to remove
organic contaminants. After cleaning, the sol was spin coated
on glass substrates for 30 s at a rate of 4000 rpm using Delta6RC Suss Microtec Spin Coater, at room temperature. For
fiber coating, the prepared sol was manually dripped on fiber.
The coated substrates were dried at room temperature for sev-
eral days. Before sensing measurements, the coated fiber was
washed with water in order to remove the excess and unbound
dye species.
ZnO doped SiO2-TiO2 as host matrix for dyes encapsula-
tion as new pH sensitive material is schemed in Fig. 1(b) using
the sol–gel method. The surfactant CTAB was used as struc-
ture modifying agent for smooth/homogeneous surface of pre-
pared nanocomposite and also can be used to protect the dyes
Influence of ZnO doping on silica-titania nanocomposite 829from fading [21]. Due to chemical doping, dye species probably
uniformly distributed throughout the nanocomposite and not
just residing on the surface as illustrated in schematic represen-
tation [Fig. 1(b)]. It has the advantage that the dye species are
also reacted reversibly when the coated sensing region is in
contact with an aqueous solution or with acidic or basic spe-
cies as well.
3. Characterizations
Prepared nanocomposites’ shapes and sizes were observed
using Field emission scanning electron microscope (FE-SEM)
SU8020. The average roughness (Ra), roots mean square
roughness (RMS) and topography of un-doped and ZnO-
doped SiO2-TiO2 nanocomposite thin films were analyzed by
atomic force microscope equipment SPI 3800N, tapping-
mode under ambient conditions. The scanned 1  1 mm2 area
was analyzed by NanoNavi software version 5.01C. EDX
spectra (Oxford Silicon Drift Detecto SDD) were used to know
the percentage of elements present in the sample. Biological
transmission electron microscopy (BIO-TEM) was employed
for morphology and particle size observations. The prepared
nanocomposites were mixed within ethanol and sonicated for
20 min, and then were collected onto carbon coated copper
grids. The micrographs were observed on a HITACHI
(HT7700) machine operating at 80 kV with Dock version 3.2
image analyses (software package). Structurally, the samples
were characterized by PANalytical X’PERT PRO MRD PW
3040/60. Cu Ka (k= 1.5405 A˚) was used as target material.
The incorporation of ZnO doping into SiO2-TiO2 matrix was
verified by FTIR spectrophotometer (PerkinElmer Series
L160000A), within the range of 4000 cm1–450 cm1. Bru-
nauer, Emmett and Teller (BET) multipoint method and N2
adsorption-desorption isotherms were employed for the sur-
face areas of prepared samples and Barret, Joyner and Hal-
enda (BJH) method was used to calculate the pore size
distribution. The degradation process and the thermal stability
of prepared nanocomposites were investigated by Thermo-
gravimetric analysis (TGA) and differential thermal analysis
(DTA) using thermogravimetric analyzer Mettler Toledo
TGA851. The samples were heated from 30 C to 1000
C at the rate of 10 C/min in the nitrogen atmosphere.
Ultraviolet–visible transmission spectra of coated thin films
were measured by spectrophotometer (Shimadzu UV-
3101PC) in the range of 350–700 nm with ±3 nm accuracy.
For data collection, bare glass substrate was used as reference.
For sensing analysis, light source i.e., white light emitting
diode was used and USB2000 miniature fiber optical spectrum
analyzer was used to detect the wavelength characteristics. The
dynamic range and progressive response of the sensor in vari-
ous pH environments was investigated using a
photospectrometer.
4. Results and discussions
FE-SEMmicrographs of SiO2-TiO2, ZnO: SiO2-TiO2 and after
heat treatment of ZnO: SiO2-TiO2 nanocomposites are shown
in Fig. 2(a–c). Homogeneous surface morphology of SiO2-
TiO2 spherical shaped nanoparticles without voids was
revealed [Fig. 2(a)]. Moreover, Fig. 2(d) is the magnified area
of Fig. 2(a), tiny deposits over the surface may be presentdue to the formation of their respective oxides. Whereas,
ZnO:SiO2-TiO2 shows spherical shaped composite’s cluster
formation [Fig. 2(b)], aggregation of composite’s cluster with
pores is observed in Fig. 2(e) which is the zoomed area of
Fig. 2(b), may be due to the adsorbed water molecules (on
the composite’s surface). After heat treatment of ZnO:SiO2-
TiO2 at 300 C for 1 h, the surface aspects are converted into
interconnected colonies [Fig. 2(c)], where smaller spherical par-
ticle incorporation can be clearly seen within the larger parti-
cles/clusters, whereas, Fig. 2(f) is the magnified area of Fig. 2
(c), shows porosity within the colonies with small spherical
nanoparticles. The changes in morphology are probably due
to the nucleation growth that can result in a large surface-to-
volume ratio. Additionally, in all images, the prepared materi-
als exhibit well-ordered porous structures; mostly pores serve
as active centers within the composites, valuable for improving
the sensing properties as documented in literature [22].
In order to identify the elemental composition of SiO2-
TiO2, ZnO: SiO2-TiO2 composite and after heat treatment of
ZnO:SiO2-TiO2, Energy Dispersive X-ray (EDX) analysis
was used. Fig. 2(g, h, i) shows the EDX spectra for all three
nanocomposites. EDX analysis reveals the variations of Si,
Ti, O along with Zn in doped samples, confirms the good
incorporation between Zn, Si and Ti lattices. The values of ele-
ments are summarized in Table 1. Pt signals belong to the top
coating on synthesized thin films which was applied for FE-
SEM analysis. Moreover, no other impurities were found on
the surface of the composite suggesting that the synthesized
nanocomposites were relatively pure.
AFM 3-D images of SiO2-TiO2 nanocomposite, ZnO:SiO2-
TiO2 nanocomposite and ZnO:SiO2-TiO2 nanocomposite after
1 h heating at 300 C, are illustrated in Fig. 3(a–c). Surface
topography, average surface roughness (Ra) and root mean
square roughness parameters (RMS) were evaluated for the
scanned surface area of 1  1 mm2. SiO2-TiO2 nanocomposite
[Fig. 3(a)] exhibits porous clusters morphology with an aver-
age surface roughness of 9.7 nm. However, the average surface
roughness slightly decreases to a value of 7.6 nm after ZnO
doping and influence the smoothness of SiO2-TiO2 nanocom-
posite [Fig. 3(b)]. It can be observed that after doping,
nanoparticles are more uniform and well distributed. No
cracked surface or voids were observed in the vicinity of crys-
tals. Moreover, after heat treatment, it continuously decreased
up to 5.7 nm [Fig. 3(c)], indicating that nanocomposite enclo-
sures the Zn molecules, resulting in prominent nanoparticle
appearance which is also documented in the literature [23].
TEM images of SiO2-TiO2 nanocomposite, ZnO doped
SiO2-TiO2 nanocomposite and ZnO doped SiO2-TiO2
nanocomposite after 1 h heating at 300 C, are shown in
Fig. 4(a–c). It can be clearly seen that all three samples have
spherical shape for the individual particles. A low degree of
coalescence/coagulation is also observed. Coalescence refers
to the fusion of two or more particles to form a single spherical
particle [24]. Particle size distribution curves as shown in Fig. 4
(d, e, f) exhibited particle size 3.89 nm ± 0.12 nm, 4.35 nm
± 0.22 nm and 5.43 nm ± 0.25 nm for SiO2-TiO2 nanocom-
posite, ZnO: SiO2-TiO2 nanocomposite and after heat treat-
ment of ZnO: SiO2-TiO2 nanocomposite, respectively. SiO2-
TiO2 nanocomposite shows the small particle size, according
to literature it could be due to the solvent (ethanol) as short
chain alcohols leads the production of small particle size
[25]. However, after doping the particle size is increased
Fig. 2 FE-SEM micrographs of (a) SiO2-TiO2 (b) ZnO: SiO2-TiO2 (c) after heat treatment of ZnO: SiO2-TiO2 composite, (d, e, f) are the
magnified areas of (a, b, c), whereas, (g, h, i) corresponding to the EDX spectra of (a, b, c), respectively.
Table 1 EDX analysis of SiO2-TiO2, ZnO: SiO2-TiO2 and after heat treatment of ZnO: SiO2-TiO2 nanocomposite.
Elements Wt.% O Si Ti C Zn
SiO2-TiO2 16.3 37.9 39.1 6.7 –
ZnO: SiO2-TiO2 22.3 34.4 26.2 11.7 5.4
ZnO: SiO2-TiO2 after heat treatment 21.2 27.1 36.5 8.9 6.1
Fig. 3 AFM images of (a) SiO2-TiO2 nanocomposite (b) ZnO: SiO2-TiO2 nanocomposite (c) ZnO: SiO2-TiO2 nanocomposite after 1 h
heating at 300 C.
830 S. Islam et al.
Fig. 4 TEM micrographs of (a) SiO2-TiO2 nanocomposite (b) ZnO: SiO2 TiO2 nanocomposite (c) ZnO: SiO2-TiO2 nanocomposite after
1 h heating at 300 C, whereas, (d, e, f) corresponding to the histograms of (a, b, c) while, curve is the Gaussian fit.
Influence of ZnO doping on silica-titania nanocomposite 831[Fig. 4(e)], suggesting that ZnO doping facilitate the proper
reaction between SiO2 and the TiO2 species, leading to the
growth of nanoparticles. Fig. 4(f) illustrates the histogram of
ZnO: SiO2-TiO2 nanocomposite after heat treatment, where
average particles size increased around 5.43 nm ± 0.25 nm,
agglomeration caused the enhancement in particle size. Basi-
cally, nucleation process leads to the particle coalescence from
dissolved species; this results in formation of large particles.
Moreover, Thirumavalava et al. [26] explained that a large par-
ticle size after heat treatment results from the finite extent and
particular morphology of the coherently diffracting domains
within the grains. However, the structure morphology after
heat treatment is well distributed and spherical in shape.Fig. 5-I(a–c) shows the XRD graphs of SiO2-TiO2
nanocomposite, ZnO doped SiO2-TiO2 nanocomposite and
ZnO doped SiO2-TiO2 nanocomposite after 1 h heating at
300 C, respectively. All three nanocomposites show a high
intense peak with (1 0 1) plane and low intense peak with (2
1 1) plane of SiO2 (JCPDS 15-26). Several prominent peaks
of TiO2 in all three samples are also observed [Fig. 5-I(a–c)].
Planes (1 0 1), (0 0 4), (2 0 0), (2 1 1) and (2 0 4) corresponding
to anatase phase of TiO2 (JCPDS 21-1276). After ZnO doping
in SiO2-TiO2 nanocomposite, few peaks of ZnSiO3 phase are
appeared with planes of (0 1 5), (0 2 4) and (1 1 6) (JCPDS
034-0575) [Fig. 5-II(b)], suggesting the SiO2-TiO2 nanocom-
posite network incorporation with the ZnO particles. After
Fig. 5 (I) XRD graphs of (a) SiO2-TiO2 nanocomposite (b) ZnO: SiO2-TiO2nanocomposite (c) ZnO: SiO2-TiO2 nanocomposite after 1 h
heating at 300 C, whereas, (II) corresponding to the zoomed image of b and c.
Fig. 6 FTIR spectra of (a) SiO2-TiO2 nanocomposite (b) ZnO
doped SiO2-TiO2 nanocomposite (c) ZnO doped SiO2-TiO2
nanocomposite after 1 h heating at 300 C.
832 S. Islam et al.heat treatment, many peaks of ZnSiO3 phase corresponding to
(1 0 4), (2 1 1) and (2 1 4) are also observed [Fig. 5-II(c)]. A
prominent peak of ZnO with (1 0 0) plane (JCPDS 01-075-
0576) is also observed. So, it can be inferred that annealing
plays a vital role in phase variation with strength and crys-
talline growth of nanocomposites. The crystallite size of
SiO2-TiO2 nanocomposite, ZnO doped SiO2-TiO2 nanocom-
posite and after 1 h heating at 300 C was calculated using
Debye-Scherer formula
D ¼ kk=b cos h
where, k is the wavelength, k is the shape factor taken as 0.9, h
is the diffraction angle and b is the full width at half maximum.
The (1 0 1) plane positioned 22.2 in all three samples was
chosen to calculate the crystalline size. Crystallite size 
10.80 nm of SiO2-TiO2 nanocomposite was calculated, while,
 crystallite size  12.44 nm was observed after ZnO doping
in SiO2-TiO2 nanocomposite. However, the crystallite size
increased up-to 23.51 nm after heat treatment. These obser-
vations indicate that the crystallinity of the SiO2-TiO2
nanocomposite increased after ZnO doping and heat treatment
which is due to the particle nucleation and growth process. In
literature, it is stated that according to LaMer theory, the par-
ticle formation depends on nucleation process which is respon-
sible for particle coalescence from dissolved species; and results
in larger particles from nanoparticle growth [27,28]. Therefore,
a larger crystallite size was observed after heat treatment.
FTIR spectra of SiO2-TiO2 nanocomposite, ZnO: SiO2-
TiO2 nanocomposite and Zn: SiO2-TiO2 nanocomposite after
1 h heat treatment at 300 C is shown in Fig. 6(a–c), respec-
tively. Mostly, metal oxides exhibited absorption bands in fin-
gerprint region (i.e. below 1000 cm1), which arise from inter-
atomic vibrations [29]. In this context, a small band appear-
ance at 466 cm1 in SiO2-TiO2 nanocomposite is associated
with the symmetric Si-O-Si siloxane groups’ vibrations as also
reported in the literature [30]. A little intense band at 764 cm1
is due to the stretching mode of Ti–O–Ti in SiO2-TiO2
nanocomposite. The bands around at 965 cm1 in SiO2-TiO2
nanocomposite are associated with the stretching mode of
Ti–O–Si linkage, as documented in the literature [31]. Since,
free ZnO is not detected in the composite system which sug-
gested that it has a better connectivity between the SiO2-TiO2 building units. A sharp band 1095 cm1 in SiO2-TiO2
nanocomposite can be associated with the transverse optical
vibration mode corresponding to the asymmetric stretching
of the inter tetrahedral oxygen atoms in the Si–O–Si linkage,
had in fact shifted toward the lower wavenumber  1072
cm1 after ZnO doping and around 1040 cm1 after heat treat-
ment, has been associated with the incorporation of Zn mole-
cules with the SiO2, TiO2 species. This confirms the successful
bonding between SiO2, TiO2 and ZnO species. Moreover, the
band located around 1386 cm1 in SiO2-TiO2 nanocomposite,
1381 cm1 after ZnO doping and around 1395 cm1 after heat
treatment is probably due to the existing of C–O–C bands. In
SiO2-TiO2 nanocomposite, the peak observed at 1639 cm
1,
shifted toward the lower wavenumber around 1633 cm1 and
1626 cm1 with high intensity after ZnO doping and heat treat-
ment after 1 h at 300 C. These variations in the peak wave
number are characteristic of a C‚O group, which expose
the interactions of carbonyl functional group with doping spe-
cies. Moreover, the bands around 2856 cm1 and 2915 cm1 in
the SiO2-TiO2 nanocomposite which is shifted to 2851 cm
1
and 2921 cm1 after heat treatment is ascribed to the C–H
Influence of ZnO doping on silica-titania nanocomposite 833stretching vibrations, resulted from the –CH2 and –CH3 in the
organic solvents. The broad band around 3417 cm1–3469
cm1 in all three samples is attributed to the major stretching
vibrations of adsorbed hydroxyl groups from water molecules
or probably due to ethanol residues. However, the peak broad-
ness around 3448 cm1 in ZnO: SiO2-TiO2 nanocomposite is
diminished, which indicates the decrease of water and stability
of composite.
BET surface analysis shows that SiO2-TiO2 nanocomposite
has a high surface area  441 m2/g, large pore volume  0.69Fig. 7 N2 adsorption-desorption isotherm of (a) SiO2-TiO2 nanoco
nanocomposite after 1 h heating at 300 C, (I, II, III) corresponding tcm3/g, BET pore diameter  62.97 A˚ and BJH pore diameter
 58.53 A˚. High surface areas and large pore volumes in order
to host the large objects and anchoring molecular functions, as
well as for fast mass diffusion and transfer, are desirable for
sensing [32]. However, after ZnO-doping, the surface area is
reduced to 283 m2/g, pore volume  0.23 cm3/g, BET pore
diameter  33.20 A˚ and BJH pore diameter  32.87 A˚, proba-
bly due to the filling of SiO2-TiO2 nanocomposite pores by the
Zn-species and formed a new phase i.e. ZnSiO3 as confirmed
by XRD analysis. While, after heat treatment, the surface areamposite (b) ZnO: SiO2-TiO2 nanocomposite (c) ZnO: SiO2-TiO2
o the BJH pore size distribution of (a, b, c), respectively.
834 S. Islam et al.is increased up-to 345 m2/g, and pore volume  0.40 cm3/g,
BET average pore diameter  49.3 A˚, BJH average pore diam-
eter  45.86 A˚ is also found to be increased. The variations in
these parameters are due to the nucleation and growth of par-
ticles (strength of the ZnSiO3 phase).
Fig. 7(a–c) are the representative of N2 adsorption-
desorption isotherms for SiO2-TiO2 nanocomposite, ZnO:
SiO2-TiO2 nanocomposite and ZnO: SiO2-TiO2 nanocompos-
ite after 1 h heating at 300 C, respectively. Typically, strength
of fluid–wall and fluid–fluid interaction and pore space is
responsible for the determination of isotherm’s shape. Synthe-
sized SiO2-TiO2 [Fig. 7(a)] is found to be Type IV with H2 hys-
teresis loop in the range of 0.45–1.0P/Po (P is the partial
pressure of the adsorbate and the Po is adsorbent saturated
vapor pressure), whereas, ZnO: SiO2-TiO2 nanocomposite
shows H2 hysteresis loop in the range of 0.4–1.0P/Po [Fig. 7
(b)], owing to occurrence of capillary condensation within
the pores followed by saturation as the pores become filled
with liquid (complete pore filling) in mesopores of both sam-
ples. Generally, shape of an isotherm reflects the way in which
the water binds the system. Weaker water molecule interac-
tions generate a greater water activity, thus, the material shows
more instability [33]. After heat treatment, the ZnO: SiO2-TiO2
nanocomposite also shows Type IV with H2 hysteresis loop in
the range of 0.4–1.0 [Fig. 7(c)]. The obtained uniform porosity
ensures that the enhanced reaction rates are probably due to
the high level of interaction between Zn, Si and Ti active sites.
Moreover, the sharp peak of SiO2-TiO2 nanocomposite BJH
pore size [Fig. 7(d)] suggest the presence of uniform accessible
narrowly distributed pores in size and representative of meso-
porous materials as documented in the literature [34], whereas,
after ZnO doping and heat treatment [Fig. 7(e, f)] the
nanocomposites show pronounced pore size peak in the meso-
porous region 20 A˚–500 A˚ according to IUPAC (International
Union of Pure and Applied Chemistry).
The UV–visible transmittance spectra of SiO2-TiO2, ZnO:
SiO2-TiO2 nanocomposite and ZnO:SiO2-TiO2 nanocomposite
after 1 h heating at 300 C are illustrated in Fig. 8-I(a–c). It
clearly indicates that the optical absorption band  545 nm
in SiO2-TiO2 nanocomposite is shifted toward a higher wave-Fig. 8 (I) Transmission spectra of (a) SiO2-TiO2 nanocomposite (b)
after 1 h heating at 300 C, (II) Dispersion of refractive index (a) SiO2
SiO2-TiO2 nanocomposite after 1 h heating at 300 C.length  631 nm after Zn doping and heat treatment, probably
due to particles’ cluster formation. Transmission  93% is
observed in SiO2-TiO2 nanocomposite which is reduced to 
62% at wavelength of 550 nm after ZnO doping but it
increased again up to  78% after heat treatment. Further-
more, Fresnel equation was used to calculate the refractive
indices of prepared samples. The dispersion of the refractive
indices is shown in Fig. 8-II(a–c). The calculated refractive
index of SiO2-TiO2 nanocomposite is 1.33 at 550 nm, which
is increased up to 1.39 at 550 nm after ZnO nanoparticle dop-
ing. After heat treatment, it decreased down to 1.33 is due to
the porosity. Faure et al. [35] reported that lower effective
refractive index while avoiding excessive scattering is due to
the nanosized porosity. Additionally, the refractive index of
all samples is much lower than that of reported values of zinc
oxide n = 2.02 [35], and titania n = 2.6, suggesting the porous
structure of synthesized nanocomposites.
Thermal gravimetric analysis (TGA) and differential ther-
mal analysis (DTA) is illustrated in Fig. 9(a–c) in the 30 C -
1000 C temperature range for SiO2-TiO2 nanocomposite,
ZnO:SiO2-TiO2 nanocomposite and ZnO:SiO2-TiO2 nanocom-
posite after 1 h heating at 300 C, respectively. Fig. 9(a) exhib-
ited a TGA curve of SiO2-TiO2 nanocomposite which shows a
maximum weight loss  33.56% within the 60 C–140 C tem-
perature range corresponding to the solvent and water
volatilization of the gel films and condensation of SiO2 and
TiO2 compounds, while, the minimum weight loss  3.87%
within the temperature range of 130 C–345 C suggests the
thermal decomposition of organic components. After 400 C,
no significant changes were observed indicating that host
SiO2-TiO2 nanocomposite is thermally stable. TGA curve of
ZnO: SiO2-TiO2 sample [Fig. 9(b)] revealed the weight loss
11.08% and 28.95% in two temperatures ranges i.e. 30 C–
87 C and 120 C–995 C. The first weight loss 11.08% is
attributed to the loss of hydroxyl group, in continuation, the
weight loss 28.95% is ascribed to the loss of acetate group
and CTAB species, as documented in the literature [29],
whereas, DTA curve exhibited three exothermic peaks at
65.33 C, 164.45 C and 228.25 C [Fig. 9(b)] associated with
the decomposition stages in TGA. The TGA and DTA analy-ZnO:SiO2-TiO2 nanocomposite (c) ZnO:SiO2-TiO2 nanocomposite
-TiO2 nanocomposite (b) ZnO:SiO2-TiO2 nanocomposite (c) ZnO:
Fig. 9 Weight (%) versus temperature (C) and [dW/dT] of (a) SiO2-TiO2 nanocomposite (b) ZnO:SiO2-TiO2 nanocomposite (c) ZnO:
SiO2-TiO2 nanocomposite after 1 h heating at 300 C.
Fig. 10 (a). Optical spectra of mixed dyes encapsulated ZnO: SiO2-TiO2 nanocomposite coated on optical fiber treated with different pH
ranges 1–12, inset (I) is the zoomed area of marked region, whereas, (b) is the sensitivity response of coated fiber within different pH values
1–12 at 440 nm.
Fig. 11 (a) Time response of mixed dyes encapsulated ZnO:
SiO2-TiO2 nanocomposite within different pH solutions 1–12,
whereas, inset (I) is corresponding to the color variations.
Influence of ZnO doping on silica-titania nanocomposite 835ses of ZnO: SiO2-TiO2 sample after heat treatment [Fig. 9(c)]
revealed that the weight loses  7.84% at about 95 C is
accredited to the desorption/evaporation of solvents, and
16.32% weight loss at 100 C–1000 C suggesting a degrada-
tion of components into volatile combustible products. In
the DTA curve an exothermic peak at 58 C was probably
due to the volatile organic moieties generated by the dissocia-
tion of precursors which is confirmed by the weight loss
observed in the TGA curve.
The dye encapsulated ZnO: SiO2-TiO2 nanocomposite
shows the transmission spectra of coated optic fiber in terms
of output intensity variations within pH solutions 1–12 in
Fig. 10(a). The spectra show a distinct, intense variation at
the peak wavelength of 440 nm. The response of the coated
fiber is found to be increased by increasing the pHs. Inset (I)
is the zoomed area of marked region in Fig. 10(a). Fig. 10(b)
shows the linear relationship between intensity and pH 1–12,
suggesting the good interaction between coating species and
light. The calculated sensitivity value is of 15 counts/pH with
93% repeatability at wavelength of 440 nm. Moreover, no
leaching traces are inspected during measurement.
Fig. 11(a) shows the time response curve of dyes encapsu-
lated ZnO: SiO2-TiO2 nanocomposite within different pHsolutions 1–12. The prepared nanocomposite sol shows fast
response 0.50 s at pH 1 and 0. 15 s at pH 12. Moreover,
it can be seen visually that the dyes encapsulated ZnO: SiO2-
836 S. Islam et al.TiO2 nanocomposite exhibited orange color in acidic media
which slightly changed into yellow, violet and finally purple
by varying the pHs 1–12 as shown in inset of Fig. 11(a). The
variations in color are due to H+ and OH– ions which freely
penetrate into the mesoporous nanocomposite and reacting
with dye species, results in color variations as documented in
the literature [36]. The experimental findings suggest the strong
interconnection between Zn: SiO2-TiO2 nanocomposite and
dyes species which plays an effective role in stability of fiber
optic sensing device.5. Conclusion
Influence of ZnO doping on the sol-gel based SiO2-TiO2
nanocomposite is reported in this work for fiber optic pH sens-
ing applications. Upon SiO2-TiO2 modifications, ZnO doping
and heat treatment can control the stability and surface prop-
erties of modified nanocomposites matrix. Crack-free spherical
morphology with good interaction of SiO2 and TiO2 species
with zinc ions was observed by FESEM/EDX and AFM which
is advantageous for sensing applications. TEM analysis shows
that the prepared nanocomposites have spherical nanoparti-
cles. XRD analysis confirmed the formation of new phase
ZnSiO3 along with anatase phase of titania. Furthermore,
heterogeneous bonded, high surface area, thermally stable
nanocomposites has good transparency (92–62% in the visible
range) with low refractive index 1.33–1.39 at the wavelength of
550 nm, which is confirmed by FTIR, BET and UV–Vis spec-
troscopy. The response of the ZnO:SiO2-TiO2 nanocomposite
coated fiber optic sensor is optimized at pH 12 with fast
response time 0.15 s. The observed sensitivity is of 15 counts/
pH with repeatability of 93% at 440 nm. Thus, this study
indeed suggested an effective modification of ZnO doped
nanocomposite matrix for pH sensing at room temperature
with visual color detection.
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